High-quality colloidal crystals with deep photonic band gap of up to 78% and steep photonic band edge of up to 5.2% / nm are fabricated by only using the quasimonodisperse spheres with polydispersity of 2.5%-3.1%. By controlling the self-assembly of spheres in the neck region of a Bunsen flask under negative pressure, all the reported limits of the popular vertical deposition method are simultaneously solved, and the damage of the polydispersity, impurity, and surface roughness of spheres to the crystal quality is effectively reduced. Even the impure spheres with large polydispersity of up to 10% and the rough large silica@Ag core-shell particles can be assembled into the well-ordered structures. The superior assembly ability of colloidal spheres as well as the good optical quality demonstrated here may find their broad applications in nanoassembly, templating synthesis, optical, physicochemical applications, etc.
I. INTRODUCTION
Owing to the broad applications in templating synthesis of functional materials with ordered structures, 1 masks for photolithography, 2 biochemical sensors, 3 and photonic crystals, the assembly of colloidal spheres into two-and three-dimensional colloidal crystals with high degree of order has been intensively studied. Many methods based on using the driving forces such as gravitational 11, 12 or centrifugal forces, 13 and attractive capillary forces caused by physical confinement, 14 externally applied electric potentials 15 or solvent evaporation, 1, [7] [8] [9] [10] [16] [17] [18] [19] have been exploited to assemble the colloidal spheres. It has been found that the vertical deposition ͑VD͒ approach developed by Jiang et al. 17 is the most successful method. By utilizing evaporationinduced self-assembly driven by capillary forces in the meniscus, the VD method produces high-quality single-crystal colloidal films with little defects and controllable thickness. However, the VD approach has three limitations. First, the deposition time is too long due to the slow solvent evaporation rate. Second, deposition is limited to small colloidal spheres with slow sedimentation. [17] [18] [19] [20] [21] For example, the silica spheres with diameter of 500 nm cannot be assembled into the continuous large-area colloidal crystal films due to their rapid gravity-driven sedimentation. Third, the solvent evaporation during the deposition process increases the concentration of colloidal spheres, thus significantly affecting the colloidal film thickness and uniformity. 22, 23 To solve these problems, a lot of strategies have been developed to improve the VD method. For instance, the ethanol evaporation was accelerated by using low pressure to counteract the gravitydriven sedimentation and realize the assembly of the mixture of large ͑up to 1.5 m͒ and small polystyrene spheres. 24 The convective flows in sphere dispersions were enhanced by adding a vertical temperature gradient to react against sedimentation and produce colloidal crystals with 855 nm silica spheres. 25 Subsequently, the isothermal heating evaporationinduced self-assembly method was developed to assemble large silica or polystyrene spheres into high-quality colloidal crystals in a short time. 20, 21 The rapid fabrication of two-and three-dimensional colloidal crystal films had also been realized by lifting the substrate out of the sphere suspension at a constant speed instead of relying on the solvent evaporation. 22, 26 With the assistance of mechanical agitation, 27 even the silica spheres with large diameter of up to 2.5 m were assembled into ordered structures on patterned substrates. However, up to now, none of the reported strategies can simultaneously break through all the three limitations.
To effectively solve the three limitations in one method, thus obtaining the superior assembly ability of colloidal spheres, here, an improved VD method has been developed by controlling the assembly of colloidal spheres in the neck region of a Bunsen flask under negative pressure. As shown in Scheme 1, the neck cubage is only a tiny fraction of the entire cubage of the Bunsen flask. During the deposition proa͒ Author to whom correspondence should be addressed. Electronic mail: zhangjh@nju.edu.cn. SCHEME 1. Schematic experimental equipment for preparing colloidal crystals.
cess, the solvent evaporation-induced decrease of the sphere suspension surface in the neck region can barely change the whole sphere concentration. In other words, using a Bunsen flask as the deposition vessel can effectively suppress the sphere concentration variations in the deposition process. On the other hand, the accelerated solvent evaporation rate induced by negative pressure not only greatly shortens the growth time of colloidal crystals but also effectively overcomes the rapid gravity-driven sedimentation of large colloidal spheres. Furthermore, negative pressure can reduce the surface tension of sphere solution and leads to the decrease of the wetting angle in the meniscus and the increase of the substrate wettability, thus facilitating the formation of the continuous uniform colloidal crystal films. 5, 23 
II. EXPERIMENTAL
In a typical deposition, the ethanol solution of our homemade polystyrene ͑PS͒ sphere 28 ͑1 wt %͒ with diameter of 320± 10 nm was placed in a Bunsen flask. A glass substrate was centered in the flask neck region ͑see Scheme 1͒ using a small paper clip. Prior to use, the glass substrate was cleaned, washed, and rinsed subsequently with water and ethanol, and dried naturally. Then, the flask was placed in a vacuum drier connected with a water-jet air pump. After the pump was opened, the deposition of spheres under negative pressure started with a typical ethanol evaporation rate of ϳ0.002 cm 3 / min.
III. RESULTS AND DISCUSSION
As shown in the low-magnification scanning electron microscopy ͑SEM͒ image ͓Fig. 1͑a͔͒, the obtained colloidal crystals have uniform closed-packed structure with large rectangle domains of ϳ30ϫ 250 m 2 average size over the large observed region of 0.65ϫ 0.45 cm 2 . The highmagnification SEM image ͓Fig. 1͑b͔͒ of a typical domain clearly shows that the domain is a perfect ordered assembly of spheres arranged in the hexagonal closed-packed way. Furthermore, the ordered structure of spheres is not affected by the presence of cracks and penetrates in the entire colloidal crystal. These not only indicate the single-crystal nature of our colloidal crystal films but also suggest that the cracks between domains are the result of fractures caused by the volume shrinkage of wet films during the drying process. 17, 22, 23 When the suspension ͑1 wt %͒ of the large homemade PS sphere ͑400± 10 nm͒ is used, the spheres can also be assembled into the high-quality single-crystal colloidal crystals with the hexagonal closed-packed structure ͓see Fig. 1͑c͔͒ .
The high degree of order of colloidal crystals can be judged by their optical properties. Figure 1͑d͒ shows the transmittance spectra at normal incidence for the colloidal crystals shown in Fig. 1͑b͒ ͑curve 1͒ and Fig. 1͑c͒ ͑curve 2͒. As shown in curve 1, a deep well-defined dip corresponding to the photonic band gaps ͑PBGs͒ arising from the periodic Bragg diffractions is observed. The transmittance achieves its minimum value ͑2.9%͒ and maximum value ͑85%͒ at the PBG center ͑ϳ750 nm͒ and in the long wave passband, respectively. The largest slope of the shortwave photonic band edge ͑PBE͒ reaches 5.2% / nm. However, due to the rising background at short wavelengths, the transmittance reduces with decreasing wavelength in the shortwave passband and results in the asymmetric PBG dip with depreciatory depth of ϳ63%. This phenomenon may arise from the collective effect of high energy diffraction off of the lattice planes other than the ͑111͒ planes, [17] [18] [19] and light scattering of crystal defects and PS spheres. [17] [18] [19] 29 As compared with curve 1, owing to the use of the larger PS spheres with higher monodispersity, the PBG dip in curve 2 has more symmetrical shape and increases to 935 nm and ϳ78% in position and depth respectively. The large PBG depth and steep PBE obtained here not only reflect the high structural quality of the colloidal crystals produced here but also facilitate the realization of ultrafast optical devices, photonic chips, and communications. 21 The relative bandwidths ⌬ / 0 for curves 1 and 2, where ⌬ is the width at half maximum of band and 0 is the center wavelength of band, are 6.8% and 7.1%, respectively. These values agree approximately with the theoretical calculation result for a face-centered cubic ͑fcc͒ crystal. 22 For a fcc colloidal crystal, the center wavelength c of the transmittance dip at normal incidence satisfies Bragg's law c FIG. 1. SEM images of colloidal crystals grown from the ethanol solutions of PS spheres ͑1 wt %͒ with diameters of 320± 10 nm ͓͑a͒ and ͑b͔͒ and 400± 10 nm ͑c͒. ͑d͒ Transmittance spectra at normal incidence for the samples shown in ͑a͒ and ͑b͒ ͑1͒ and ͑c͒ ͑2͒.
=2 ͱ 2 3 D ͑0.74n ͑colloidal sphere͒ + 0.26n ͑air͒ ͒, where n is the reflective index ͑RI͒ and D is the sphere diameter. According to the dip position shown in curves 1 and 2, the mean RIs of our homemade PS spheres are evaluated to be 1.589 and 1.584, respectively. These values are close to the reported RI value ͑1.6͒ of PS spheres. 22 By simply varying the sphere concentration, the colloidal crystal film thickness can be readily tuned from one layer to several tens of layers. As shown in Fig. 2 , with the PS sphere ͑320± 10 nm͒ concentration reducing from 0.7 via 0.3 to 0.1 wt %, the layer number of colloidal crystal films reduces from 20 ͓Fig. 2͑a͔͒ via 8 ͓Fig. 2͑b͔͒ to 1 ͓Fig. 2͑c͔͒. As seen in Fig. 2͑d͒ , there is a quasilinear relationship between the layer number of colloidal crystals and the PS sphere concentration.
According to the previous reports, 17, 20 to obtain the highquality colloidal crystal, not only the polydispersity of colloidal spheres should be kept below 2% but also the colloidal spheres must be devoid of even the smallest fraction of substantially smaller or larger spheres or nonspherical particles. However, our method presents good tolerance to the polydispersity, impurity, and surface roughness of colloidal spheres. Only using the quasimonodisperse PS spheres with polydispersity of 2.5%-3.1% and little impurities such as substantially smaller spheres and nanospherical particles, the highquality colloidal crystals with little crystal defects are obtained ͑see Figs. 1 and 2͒ . Even using the polydisperse silica spheres ͑410± 41 nm͒ with some substantially larger or/and deformed spheres marked by white line and the rough large silica@Ag core-shell spheres ͑560± 50 nm͒, the colloidal crystals with long-range ordered structure are still achieved ͑Fig. 3͒. The silica spheres and Silica@Ag coreshell spheres are made by a modified Stöber method 30 and an electroless plating approach, 29, 31 respectively. The good tolerance of our method may arise from the optimum substrate wettability, attractive capillary forces, and convective flow speed ͑in the meniscus͒ caused by negative pressure.
IV. CONCLUSIONS
In summary, a simple and well reproducible method based on the assembly of colloidal spheres in the neck region of a Bunsen flask under negative pressure has been developed to fabricate the high-quality two-and three-dimensional colloidal crystals. The method not only effectively solves all the reported limits of the conventional VD method but also presents good tolerance to the polydispersity, impurity, and surface roughness of colloidal spheres. Only using the quasimonodisperse PS spheres with polydispersity of 2.5%-3.1% and little impurities, the high-quality colloidal crystals with superior PBG depth up to 78% and PBE slope up to 5.2% / nm are obtained. Even the polydisperse silica spheres ͑410± 41 nm͒ with some large or/and deformed spheres and the rough large silica@Ag core-shell spheres ͑560± 50 nm͒ can be well assembled into the long-range ordered structure.
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